Abstract: The mylonitic Cambrian quartzites, Moine Thrust Zone, NW Scotland, have long been used to study microstructural and petrofabric evolution and to develop understanding of grain-scale processes accommodating large-scale displacements. Today, structural geology is entering a new age of understanding of the basic processes involved in microstructural evolution due to the emergence of novel instrumental techniques and theoretical models. It seems apposite therefore to re-evaluate the microstructure of one example of this classic quartz mylonite from the Stack of Glencoul, Assynt, using arguably the most important of these new techniques, electron backscattered diffraction (EBSD). The three-dimensional (3D) microstructure and petrofabric of this rock was analysed using EBSD, to: 1) corroborate previous optical and X-ray texture goniometry measurements; 2) investigate the potential for sampling and/or tectonic sectioning bias that may be introduced inadvertently into any petrofabric analysis; and 3) predict its seismic properties. It is found that microstructures do differ between orthogonal structural sections, leading to variations in strengths of different components in the overall petrofabric that might impact on seismic properties. The results emphasize the true 3D nature of microstructures and petrofabrics, which can be recognized and accommodated more readily by this new generation of analytical techniques.
The mylonitic Cambrian quartzites (MCQ) in the vicinity of the Stack of Glencoul, NW Scotland (Fig. 1a) , have long been used to study petrofabric development on the small scale and its relationship to larger scale tectonics (see Law & Johnson 2010 , for a detailed scientific and historical review). However, over a century after recognition of the geological significance of the MCQ in particular and the Moine Thrust Zone in general (e.g. Lapworth 1884 Lapworth , 1885 Teall 1885 Teall , 1918 Peach et al. 1907) , microstructural geology and petrofabric analysis has entered in to a new era of understanding due to the emergence of an array of novel instrumental techniques and theoretical models. One of these techniques, electron backscattered diffraction (EBSD) in the scanning electron microscope (SEM), now provides for both accurate and efficient petrofabric analysis, making it possible to consider much larger sample and data sets, including polymineralic rocks, than has hitherto been possible using conventional methods (e.g. optical microscopy, X-ray texture goniometry). Furthermore, SEM-EBSD combines the benefits of these methods in that it maintains a one-to-one relationship between microstructural elements and petrofabric measurements whilst providing a complete petrofabric description (e.g. Prior et al. 1999) .
In this contribution, the petrofabric of a sample of MCQ (SG10 of Law et al. 1986 ) from the Stack of Glencoul has been re-measured using SEM-EBSD. The aims of this re-analysis were two-fold. Firstly, to corroborate the crystal preferred orientation (CPO) determined previously using optical and X-ray texture goniometry methods (Law et al. 1986; Law 1987 ; see also Halfpenny et al. 2006) . Secondly, to investigate whether structural geological convention of measuring CPO from only the tectonic XZ (where X ! Y ! Z) or kinematic transport section leads to the omission of critical information more obviously present in other sections. The latter aim addresses recently expressed concerns that both microstructures and CPO are 3D in nature (e.g. Schmidt et al. 2004; Juul Jensen et al. 2006; Juul Jensen & Godiksen 2008) . This study also provides an introduction to a new generation of microstructural studies of Moine Thrust Zone rocks, including the MCQ, which hopefully will provide new insight into the evolution of this important geological terrain and to further understanding of the evolution of quartz mylonites associated with large displacements on fault and shear zones.
Sample description

Previous work
The MCQ at the Stack of Glencoul derive from the Cambrian Eriboll Sandstone Formation (Basal and Pipe Rock Members), which lie immediately below the Moine Thrust ( Fig. 1 ; Law et al. 1986 see also Law & Johnson 2010) . While the top of the MCQ is well defined by the Moine Thrust, the structural relationships at the base are less clear. Law & Johnson (2010) argue that there must be important but unmapped thrusts at the base of the MCQ because they are underlain by rocks that exhibit very low strains. Recent mapping by Butler (2009) appears to confirm this argument (Fig. 1c) .
The formation of the MCQ at the Stack of Glencoul occurred under greenschist facies conditions (Christie 1963; Johnson et al. 1985) , although more reliable temperature and particularly pressure estimates are equivocal or lacking altogether. For example, Johnson et al. (1985) estimated temperatures of 300-350 8C, but dynamic recrystallization by a combination of subgrain rotation (e.g. Law et al. 1986) and grain boundary bulging (Halfpenny et al. 2006) would indicate temperatures of c. 400 8C (see , while even higher temperatures (e.g. 400-500 8C) would be indicated if subgrain rotation dominated recrystallization, in broad agreement with the 390-440 8C estimate based on the opening angles of Type I cross-girdle quartz c-axis fabrics (see Law & Johnson 2010; . More recently, Thigpen (2009) has estimated temperatures of 428-436 8C for a pressure range of 4-6 kb from an equivalent structural position to the Stack of Glencoul at the leading edge of the Moine Nappe c. 5 km further north.
The particular sample of MCQ (SG10) comes from a suite of samples collected by Law et al. (1986) from beneath similarly deformed Moine metasediments within the NW crags of the Stack of Glencoul (Figs 1b, 2a, b) . A supposedly comparative sample from an almost identical structural position has been collected and described by Halfpenny et al. (2006) . Sample SG10 was collected from c. 4.5m beneath the Moine Thrust as interpreted by Law et al. (1986) , although there remains controversy concerning the position of this structure at the Stack of Glencoul. The original interpretation (C. T. Clough in Peach et al. 1907, p. 503) considered the foliation parallel ductile contact between the MCQ (below) and the similarly deformed Moine metasediments (above) to represent the Moine Thrust (see also Christie 1963 Christie , 1965 Weathers et al. 1979; Coward 1983) . However, Johnson (1965) regarded the Moine Thrust as a late brittle rather than early ductile structure and therefore placed it at the base of the MCQ (see also McLeish 1971; Wilkinson et al. 1975; Elliott & Johnson 1980) . In this paper we adopt the original definition of the Moine Thrust at the Stack of Glencoul, in accordance with Law et al. (1986) and also with the equivalent relationships described for the ductile Moine Thrust in the Eriboll region further to the North ( Fig. 1a; see Holdsworth et al. 2006) .
The MCQ at the Stack of Glencoul (Figs 1b, 2b) are typically S . L and L-S tectonites and were first described by Callaway (1884) . The mylonitic foliation dips c. 208 ESE and the grain shape lineation lies within the foliation, plunging down-dip also towards ESE (Weathers et al. 1979; Law et al. 1986) . In thin-section (Law et al. 1986 , the mylonitic foliation is defined by a preferred alignment of flattened detrital quartz grains (later termed 'matrix' grains), which typically display variable aspect ratios in the XZ section. Ribbon-like quartz grains also are observed, with aspect ratios from 50 -100:1 and long dimensions between 2 and 3 mm. The flattened quartz grains anastomose around 'globular' quartz grains, the c-axes of which are aligned at high angles to the foliation plane (see also . The globular grains may be either original detrital grains or the product of dynamic recrystallization and grain boundary migration (Law et al. 1986 ). The volume fraction of dynamically recrystallized quartz varies from 40-75%, with SG10 exhibiting c. 50% recrystallization (i.e. matrix grains) and an approximately constant recrystallized ('matrix') grain size of 10 -15 mm (Law et al. 1986 . The remainder of the sample comprise approximately equal proportions of 'ribbon' and 'globular' grains. Minor amounts of mica and pyrite are also present but no later fractures are observed.
The petrofabric of SG10 (e.g. Fig. 2c ) has been characterized as a Type I cross-girdle c-axis pattern (Lister 1977) , consistent with deformation accommodated via crystal slip on the basal-a system (Law et al. 1986; Law 1987) . It is almost symmetrical in terms of both its skeletal outline and intensity distribution with respect to foliation and lineation (see for details of optically measured recrystallized grain fabrics). These Law et al. (1986) from sample SG10: 1. optical (c-axis) and X-ray texture goniometry (m, a and r þ z poles) methods; 2. comparison between c-axis fabrics measured optically and calculated from the orientation distribution function (ODF); 3. comparison between the c-axis fabrics from 'flattened' and 'globular' old grains. fabrics consist of an elliptical girdle symmetrically disposed about the inferred Z direction, with opening angles of 25-358 in XZ and c. 30-358 in YZ connected through Y (see also Christie 1963; . The corresponding a-axis fabrics are characterized by two maxima aligned within the XZ plane and equally inclined at 208 to the lineation, connected by a broad weakly populated band of a-axes that define a small circle girdle distribution of large opening angle centred about the pole to the mylonitic foliation (Law et al. 1986 Law 1987) . However, some X-ray texture goniometry results (i.e. on samples collected by Christie (1963) from the Stack of Glencoul suggest that the two adjacent a-axis maxima within the XZ plane have unequal intensities, with the dominant maximum plunging to the WNW and inclined at 108 to the lineation and the lesser maximum plunging at 208 to the lineation. Such results could be interpreted in terms of differences between negative and positive forms of a, in accordance with more recent observations on other quartzites using SEM techniques (e.g. Mainprice et al. 1993; Lloyd 2000 Lloyd , 2004 , which might have implications for the detailed development of quartz petrofabrics.
SEM observations
Since the work of Law et al. (1986) and Law (1987) on the MCQ at the Stack of Glencoul, several new techniques for petrofabric analysis have been devised. In particular, SEM-based techniques (e.g. EBSD and the related electron channelling method) have begun to supersede traditional optical and X-ray texture goniometry petrofabric analyses. However, it is often forgotten that EBSD is strictly a surface analysis technique due to the restricted penetration depths of the incident electrons (typically only a few hundred nm). Thus, recent advances in so-called 'four-dimensional' X-ray microscopy that also sample specimen interiors may provide a challenge to the popularity of EBSD in the future, although accessibility to this analytical technique is limited at present to synchrotron X-ray sources (e.g. Schmidt et al. 2004; Juul Jensen et al. 2006; Juul Jensen & Godiksen 2008) .
SEM-based crystal orientation techniques (see Lloyd 1987; Prior et al. 1999 for reviews) permit the complete crystal orientation determination of most minerals on the (sub)-micron scale, such that both local (i.e. few data) and whole specimen (i.e. statistically meaningful) crystallographic orientation analyses are possible. The crystal orientation data derived can be used then to interpret various sample petrophysical properties and in particular the seismic properties (e.g. Mainprice et al. 1993; Mainprice & Humbert 1994; Mainprice 2003; Lloyd & Kendall 2005) . Finally, detailed images of sample microstructure can be obtained via either EBSD 'fore-scattered electron' (FSE) (Adams et al. 1993; Field 1997) or EC 'backscattered electron' (BSE) (e.g. Lloyd 1987) crystallographic orientation contrast imaging (e.g. Fig. 3) .
Three orthogonal sections of sample SG10 were cut parallel to the XY, XZ and YZ structural planes and their microstructures were imaged using SEM electron channelling crystallographic orientation contrast (Fig. 3) . Three distinct types of microstructure were recognized. The pervasive or 'matrix' quartz microstructures (Fig. 3a) of each section are similar, with approximately uniform grain sizes (10-20 mm), slightly elongate in all three sections and frequently sharing straight grain boundaries with 1208 triple junctions. In XZ and YZ sections, micas define a weak foliation but this tends to be absent in XY sections because of the statistical improbability of sampling. Equant, sometimes 'boudinaged', grains of pyrite are also present.
The second microstructure recognized comprises 'globular' grains (sensu Law et al. 1986 ). These are up to 100 mm in diameter, although flattened somewhat parallel to Z in both XZ and YZ sections (Fig. 3b) . They are therefore approximately an order of magnitude larger than the grains forming the matrix microstructure and may contain subgrains that are larger than these grains. The mica foliation is deflected round the globular grains, although due to sectioning effects this is best observed in XZ and YZ sections (Fig. 3b) .
The third microstructure recognized comprises 'ribbon' grains (sensu Law et al. 1986) , which are very long (mm-scale) but relatively narrow (up to a few hundred microns) in XZ and YZ sections (Fig. 3c) . In XY section they are more equant on the millimetric scale and hence are significantly larger than the globular grains. Ribbon grains exhibit large, elongate subgrains and/or deformation lamellae/bands in XZ and YZ sections, but in XY section these are more equant. The mica foliation is both parallel to and also deflected round the edges of ribbon grains, although due to sectioning effects this is best observed in XZ and YZ sections (e.g. Fig. 3c ).
Results
Several automated EBSD analyses were performed on the three orthogonal sections cut from sample SG10 using the HKL Channel5 # system (e.g. Schmidt & Olesen 1989) to investigate its CPO and petrofabric-derived seismic properties. An initial analysis used a relatively coarse step-size (50 mm) between analytical points in order to cover the whole surface area of each sample (typically 15 Â 15 mm). The CPO derived from each section (not shown) were similar to those obtained from analyses of smaller areas (c. 1.25 Â 1.25 mm) using a 2 mm step size (see Fig. 4 ). The finer step size of the latter allowed accurate assessment of both grain and subgrain scale orientation relationships. In addition, due to the occurrence of three distinct grain microstructures (i.e. m, 'matrix'; g, 'globular'; and r, 'ribbon'), three manual EBSD experiments were performed on each sample to measure the individual CPO of these grains. In the cases of the globular and ribbon grains, due to their larger sizes and presence of subgrains, a single EBSD measurement was made at the approximate centre of each grain. Petrofabric and seismic properties were calculated from the EBSD data using the approach described in Mainprice (1990) and Mainprice & Humbert (1994) , utilizing the Mainprice (2003) software.
Petrofabrics -bulk CPO
The conventional XZ or kinematic section CPO ( Fig. 4b) consists of a Type I cross-girdle c-axis pattern and double maxima a-axis pattern, developed symmetrically with respect to the foliation (XY) and lineation (X). The m-pole CPO therefore has a maximum parallel to lineation. In contrast, the r-pole CPO has a point maximum inclined to the foliation normal (Z) and a girdle distribution inclined to the foliation. There is no superposition of r and z. . Each row represents a specific sample section plane (XY, XZ and YZ respectively). Each column represents a specific microstructural element (i.e. 'matrix', m, 'globular', g, and 'ribbon', r, grains, respectively -see text for full descriptions). The elongate bright phase is mica and the equant bright phase is pyrite. Also shown is a schematic representation of the relationship between each sample plane and the foliation and lineation in the rock.
The XY (i.e. foliation parallel) section CPO exhibit a c-axis maximum orientated mid-way between Y and Z within a dispersed girdle distribution sub-parallel to YZ (Fig. 4a ). There is a great circle distribution of m and a inclined to XZ, although the maximum in m is parallel to X. The r and z poles each exhibit three distinct and mutually non-parallel clusters, with the maximum in both sub-parallel to Z.
The YZ section CPO exhibit conjugate c-axis maxima in the YZ plane (Fig. 4c) . The a-axes and m-poles form crude cross girdle distributions centred on X, with the maximum in m sub-parallel to X. The r and z poles distributions are indistinct but there is a suggestion of overlapping clusters.
Petrofabrics: grain CPO
The CPO determined for the individual grain microstructures (summarized in Fig. 3 ) are shown in Figure 5 . For the XY section, matrix grains exhibit two orthogonal c-axis clusters in the YZ plane, the maximum in m parallel to X and non-coincident r and z. Globular grains exhibit effectively a small circle distribution of c-axes about Z, although there is a maximum between Y and Z, with the maximum in m parallel to X and non-coincident r and z. Ribbon grains exhibit a single girdle of c-axes parallel to YZ, with a distinct cluster between Y and Z, the maximum in m parallel to X and non-coincident r and z (although the maximum in r is sub-parallel to Z).
For the (conventional) XZ section, matrix grains exhibit double maxima in c-axes c. 908 apart within the YZ plane (Fig. 5) , the maximum in m subparallel to X (with m and a forming a girdle parallel to XY) and generally non-coincident r and z. Globular grains exhibit effectively a small circle distribution of c-axes about Z, the maximum in m sub-parallel to X (with m and a forming a girdle parallel to XY) and non-coincident r and z. The c-axis distribution of ribbon grains approximates a symmetrical cross-girdle parallel to YZ, although there is a distinct clustering also, with the maximum in m parallel to X (with m and a forming a girdle inclined to XY) and non-coincident r and z.
For the YZ section, matrix grains exhibit a broad small circle distribution of c-axes about Z, particularly within the YZ plane, the maximum in m subparallel to X and non-coincident r and z (Fig. 5) . Globular grains exhibit also a broad small circle distribution of c-axes about Z, with the maximum in m sub-parallel to X and non-coincident r and z (although the maximum in r is sub-parallel to Z). Ribbon grains exhibit four maxima within the YZ plane, equidistant between Y and Z, with the maximum in m sub-parallel to X and but noncoincident maxima in r and z sub-parallel to Z.
Seismic properties
As seismic properties depend mainly on mineral crystallography and elastic properties (i.e. the 6 Â 6 stiffness matrix, C ij , and density, r) they can be derived directly from knowledge of the CPO (e.g. Babuska & Cara 1991) . Here, we follow standard procedure (e.g. Mainprice 1990; Mainprice & Humbert 1994; Lloyd & Kendall 2005) to calculate the predicted seismic properties of sample SG10 in the three orthogonal principal planes (XY, XZ and YZ) . Note that all predicted seismic properties described in this contribution consider sample SG10 to be a pure quartzite and hence the impact of the (very minor) amounts of mica present has been ignored. Nevertheless, it should be mentioned that mica is known to be one of the most important seismic property controlling phases in the continental crust, particularly in terms of seismic anisotropy (Lloyd et al. 2009 ).
The predicted petrofabric-derived seismic properties for the three orthogonal sections of sample SG10 are shown in Figure 6 . Concentrating on the most significant seismic properties (i.e. P-wave velocity, Vp km/s, and anisotropy, AVp %; shear wave (splitting) anisotropy, AVs %; and the fast and slow shear wave velocities, Vs1 and Vs2 km/s), the value ranges predicted for the different sections are as follows: While there is some correlation between the predicted maximum and minimum in Vp with Z and X respectively, other properties are more variable with respect to any individual principal tectonic direction (Fig. 6) . However, although results are similar for each section, there are some notable differences, which appear most obvious in the XZ section. In particular, the predicted Vp, AVp, AVs and Vs1-max values all exhibit their lowest values in this section plane.
There is variation also between the three sections in the predicted polarization directions of the fast shear wave (Vs1P). Whilst most wave propagations exhibit circumferential polarization (i.e. parallel to the equatorial plane) for a specific propagation plunge and azimuth, especially for the YZ section, vertically propagating waves are predicted to be polarized NNE-SSW in the XY section and north-south in the XZ and YZ sections (Fig. 6 ). In addition, in the XY section, NNW-SSE propagating waves plunging between the horizontal and sub-vertical, and moderately plunging east -west propagating waves are predicted to be polarized parallel to these respective trends (Fig. 6a, b) . Finally, in the YZ section, shallow to moderately plunging north-south propagating waves are predicted to be polarized also north-south (Fig. 6c) .
Discussion
Microstructural evolution
The dominant rock microstructure in the XY, XZ and YZ orthogonal sections as revealed by SEM orientation contrast images comprises essentially low strained, 10-15 mm (i.e. matrix) grains with straight grain boundaries and c. 1208 triple junctions (Fig. 3a) , consistent with a tectonic origin (e.g. Law et al. 1986 ). In contrast, the deflection of mica foliation around the globular and ribbon grains suggests that these are pre-tectonic and perhaps even primary (sedimentary) features (Fig. 3b, c) . Furthermore, the fact that the globular and ribbon grains contain subgrains larger than the matrix grains suggests that the latter do not form from the former unless there has been further grain size refinement, for which there is no obvious evidence. The globular and ribbon grains are significantly larger than the matrix grains and have distinctive but different shapes, with the globular grains typically sub-spherical in three dimensions (e.g. Fig. 3b ) and the ribbon grains oblate within the foliation (e.g. Fig. 3c ). Taken together, these observations suggest that the three microstructural elements have responded differently to the imposed deformation. This behaviour can be explained if the deformation has been accommodated mainly via continuous dynamic recrystallization to form the apparently low strain matrix grain microstructure (Fig. 3a) that lacks any well-developed, micron-scale intragranular sub-structure (e.g. subgrains, undulose extinction, etc.), presumably as a result of the dynamic recrystallization process responsible for their formation. The distinctive but different shapes of the globular and ribbon grains support the suggestion that they represent early (primary sedimentary?) features with different original properties that responded differently to the imposed deformation, although both have developed subgrains. However, just what they were originally remains to be resolved. On the basis of shape alone, the globular grains would appear to be the least deformed of the three elements (Fig. 3b) . In contrast, the ribbon grains are actually oblate spheroids in three dimensions ( Fig. 3c ; see also the strain analysis of Law et al. 2010 using deformed grain shapes in the Stack of Glencoul quartz mylonites) and hence may be highly deformed and indicative of a significant flattening component to the overall deformation. Law et al. (1986) have appealed to 'hard' and 'soft' crystal orientations to explain the different responses (see below).
The individual microstructural elements shown in two dimensions parallel to the three principal sections (Fig. 3) can be combined in to idealized 'microstructural blocks' to emphasize the real 3D nature of microstructures (Fig. 7) . The matrix microstructure (Fig. 3a) defines a block comprising small (i.e. 10 -20 mm) equant grains similar in all directions (Fig. 7a) . In contrast, the globular microstructure (Fig. 3b) defines a block comprising a subspherical (X % Y % . Z) globular grain (where X . 100 mm), with subgrains larger than the grain size of matrix grains, surrounded by matrix grains (Fig. 7b) . Finally, the ribbon microstructure (Fig. 3c) defines a block comprising oblate ribbon grains (X ! Y ) Z, where Z % 50 mm) surrounded by matrix grains (Fig. 7c) . The individual microstructural blocks could be combined together in to various configurations to define bulk rock microstructures that can be used to simulate microstructural and CPO evolution in quartz mylonites and to model and predict variations in seismic properties.
CPO evolution: whole rock
The SEM/EBSD-derived CPO measured in three principal sections (Fig. 4) confirm the observations of Law et al. (1986; see also Fig. 2c ) that the microstructures observed in sample SG10 developed mainly by crystal slip on the basal-a system. As there is no evidence for significant dauphine twinning (e.g. superposed r and z maxima in six-fold symmetry), the unequal intensities of adjacent a-axis maxima within the XZ plane reported previously (e.g. Law et al. 1986; Law 1987 ) may reflect differences between negative and positive forms of a (e.g. Mainprice et al. 1993; Lloyd 2000 Lloyd , 2004 . However, intriguingly this behaviour is not recognized here (Fig. 4b) . Indeed, the CPO exhibit a strong maximum in m parallel to X, which would imply equal activity of the negative and positive forms of a.
The principal deformation mechanism for the development of both the CPO and the observed microstructures is most likely to have been dislocation creep accommodated dynamic recrystallization, involving basal-a as the main slip system (e.g. Law et al. 1986 ). It has been suggested, again on the basis of EBSD analysis, that diffusionaccommodated grain-boundary sliding has been significant in the microstructural and petrofabric evolution of this quartzite (Halfpenny et al. 2006) . In practice, this suggestion remains difficult to prove. Nevertheless, if grain-boundary sliding has been significant it has not affected the strong CPO developed in the rock, which suggests that any sliding was accommodated by rigid-body translation without significant rotation to disperse the CPO.
CPO evolution: individual grains
The CPO determined for the three individual grain microstructures (Fig. 3) are shown in Figure 5 . Whilst there are similarities, there are differences also between them and the bulk sample section CPO (Fig. 4) . In general, it appears that the different grain microstructures contribute to different parts of the overall CPO. All three grain microstructures have their maxima in m and a orientated respectively sub-parallel and 20-308 to the lineation (X). The real differences are in the orientations of the c-axes and perhaps also in the distributions of r and z. Globular grains appear to form an elongate single c-axis maximum in all sections. In contrast, matrix and ribbon grains define girdles with double maxima, although the densities are not equal. For the XY section, the density maxima lie in similar positions for both matrix and ribbon grains but for XZ and YZ sections they lie on opposite sides of Z within the YZ plane.
The distinct cluster of c-axes in the XY section is due therefore to the ribbon and especially the globular grains, whilst the matrix and ribbon grains form the single girdle parallel to YZ (compare Figs 4 & 5) . The asymmetrical Type I cross-girdle observed in the conventional XZ section (Fig. 4b distinct clusters within the YZ plane in the YZ section, although the ribbon grains appear to make the biggest contribution. The different CPO of the foliation-parallel (XY) section compared to the other two sections can be explained if there are greater similarities in the behaviour of the matrix and ribbon grains compared to the globular grains. The tendency for the c-axes of globular grains to concentrate about the Z structural axis (Fig. 5) can be explained either by their original orientations representing so-called 'hard orientations' that resist deformation, which could explain the approximately spherical shape of these grains, or by their deformation via slip on (m) kal, although this would be disputed by the lack of high densities of m orientations close to Z. Rather, there is a trend for high densities in r to develop close to Z, which would make slip on (r)kal more likely. However, the single crystal like patterns displayed by the globular grains in the XY section are less favourably orientated for slip on any system involving the kal direction due to the high concentrations of a-axes at high angles to the lineation (X). In contrast, the more c-axis girdle dominated patterns exhibited by the matrix and ribbon grains have a greater dispersion of all crystal directions. The double maxima in c developed either side of, rather than centred on, Z are more favourably orientated for slip on (r)kal, although the maximum density in r is not perpendicular to the maximum density in a and therefore could indicate slip on (p)kal.
Thus, based on the CPO of the individual grain microstructures, the globular grains have behaved differently to the matrix and ribbon grains, which behaved similarly. As the globular grains were poorly orientated for slip on any of the common quartz slip systems, they have remained relatively undeformed and have preserved their original ('spherical') shapes and 'single crystal' CPO. The matrix and ribbon grains were more favourably orientated for slip, possibly on either (r)kal and/ or (p)kal systems, and hence accommodated most of the grain-scale deformation. However, the reasons why these two grain microstructures are distinguishable and in particular why the ribbon grains have not fully recrystallized, presumably to the grain size of the matrix grains, remain unknown. Law et al. (1986) recognized similar relationships to those described here in their original study of sample SG10. According to them, globular grains typically have their c-axis aligned parallel to Z, whilst for ribbon (sic 'flattened') grains the c-axes define typically a symmetrical cross-girdle distribution (e.g. Fig. 2c ). These relationships are in general agreement with the more detailed observations described here. However, whilst the sample of MCQ studied by Halfpenny et al. (2006) is also from the Stack of Glencoul (their UK grid reference NC 28882876), the grain microstructure they describe in some detail seems very different to that described here. In particular, they recognize only a N-S c-axis double maxima in a broad single girdle through Y, but no concentration of c-axes about Y. By comparison with the microstructure described here, this means presumably that the sample of MCQ studied by Halfpenny et al. (2006) comprises only matrix and ribbon grains, whilst globular grains are absent. Thus, their suggestion of a significant contribution from grain boundary sliding to the microstructural evolution may well apply to their sample but does not necessarily apply to the one considered here.
Geographical CPO: whole rock
The CPO shown in Figure 4 are plotted in the conventional tectonic reference frame defined by the specific section coordinates (i.e. XY, XZ, YZ). It would be more useful for comparative purposes to use a common reference frame. Structural geological convention would argue that the XY and YZ sections CPO should be rotated into parallelism with the kinematic XZ section used in most previous studies. However, the increasing use of CPO to predict seismic properties argues instead for use of the geographic reference frame, which is the framework within which the seismic waves are 'viewed'. Thus, the CPO for the three principal sections have been rotated in to a common geographical reference frame (Fig. 8) .
Use of a common (e.g. geographical) reference frame emphasizes the similarities and differences in the CPO for the three principal sections. Whilst all three sections recognize a maximum in m plunging shallowly ESE parallel to the tectonic lineation (and kinematic direction), only the XY section CPO recognizes an obvious 'foliation', indicated by the a-axes girdle in the 'statistical' basal plane caused by the strong c-axis maximum (Fig. 8a) . However, this 'foliation' dips moderately towards the S, in contrast to the regional ESE-dipping foliation observed in the rocks. The c-axis distributions also vary between sections, with the XZ and YZ sections exhibiting single girdle distributions orientated NNE -SSW. In detail, the YZ c-axis girdle comprises two distinct maxima, which can be used to define two basal plane girdle distributions, one dipping moderately NNE and the other dipping moderately S, in agreement with that observed in the XY section (Fig. 8c) . The more uniformly distributed XZ c-axis girdle, which clearly strikes NNE-SSW, contains also discrete maxima, one of which could be interpreted as normal to a moderately south-dipping basal plane girdle (Fig. 8b ).
Geographical CPO: individual grains
The similarities and differences in the CPO measured from the three orthogonal sections (Fig. 8) have been explained by variations associated with the different grain microstructures (Fig. 3) . To pursue this explanation, it is necessary also to rotate the individual grain microstructure CPO (Fig. 5) in to geographical coordinates (Fig. 9) . The differences recognized previously are now perhaps somewhat less apparent, which in itself questions the conventional usage of kinematic coordinates. Nevertheless, differences do exist that can be linked to grain microstructural variations, as follows.
For the XY section (Fig. 9) , the matrix grains have a sub-vertical, north-south girdle defined by the c-axes, whilst the maximum in m plunges shallowly E and the maximum in r is vertical. In contrast, the globular grains have a strong c-axis cluster plunging moderately north, the maximum in m plunging shallowly ESE and maxima in r and z plunging sub-horizontally NW and moderately west respectively. The ribbon grains have a steeplydipping c-axis girdle striking NNE -SSW, within which a cluster plunges moderately north, with the maximum in m and r plunging shallowly ESE and vertically respectively.
For the XZ section (Fig. 9) , matrix grains exhibit a diffuse, approximately north -south and sub-vertical c-axis girdle, within which a weak cluster plunges moderately north, whilst the maximum in m plunges shallowly ESE. The globular grains exhibit a broad cluster of c-axes about Y, although a distinct maximum plunges moderately WSW, but the maximum in m plunges north, an orientation not recognized for any other microstructural element or whole rock CPO. Ribbon grains exhibit a sub-vertical, NNE-SSW c-axis girdle, with a distinct cluster plunging moderately SW, and the maximum in m plunging shallowly ESE.
For the YZ section (Fig. 9) , the matrix grains exhibit a broad cluster of c-axes with the maximum plunging moderately north, whilst the maximum in m plunges sub-horizontally SE. The globular grains also exhibit a broad, moderately to vertically plunging, NE-SW cluster, whilst the maximum in m and r plunge shallowly SE and moderately WNW, respectively. The ribbon grains exhibit an approximately orthogonal double maxima of c-axes plunging moderately either north or SW, which together define a NNE-SSW girdle, whilst the maximum in m plunges shallowly SE and the maximum in r and z plunge moderately WNW and very steeply south respectively.
Thus, the CPO of the three individual grain microstructures are consistent, at least partially, with the overall kinematic reference frame of the Moine Thrust Zone. In particular, the maxima in m usually plunge shallowly ESE, parallel to the kinematic movement direction, whilst c-axes single girdles are orientated usually approximately NNE-SSW, parallel to the regional strike of the Moine Thrust Zone. However, in detail it is the ribbon grains that provide the strongest component of the ESE plunging m fabric, whilst the ribbon and globular grains contribute most strongly to the c-axis fabrics, although these often comprise distinct clusters. Overall, the matrix grains contribute relatively weakly to the various grain microstructural CPO (Fig. 9) , which might support the suggestion made by Halfpenny et al. (2006) that grain boundary sliding has contributed a greater or lesser extent to the evolution of the MCQ.
3D geographical CPO: whole rock
The fact that different microstructural elements contribute to different parts of the CPO introduces a potentially significant problem, namely sampling bias. It is clear from the EBSD-derived CPO that the three sample sections do exhibit differences (Fig. 4) even when viewed in a common (i.e. geographical) reference frame (Fig. 8) . It seems appropriate, therefore, to combine the orientation datasets for the three sections in geographical coordinates in to a single 'whole rock' dataset, from which a more realistic 'three dimensional' CPO can be derived.
The 3D geographical CPO exhibit a single c-axis girdle inclined NNE-SSW (Fig. 10) . However, within this girdle there is a maximum that defines a basal plane girdle distribution dipping moderately SSE, within which the maximum in m plunges shallowly towards the ESE. The associated maximum in a plunges approximately horizontally towards E. There is evidence also in the 3D CPO for some coincidence of the positive (r) and negative (z) rhomb orientations, which could be interpreted as indicative of a contribution from dauphine twinning (e.g. . Furthermore, the maximum in r is orientated approximately horizontally NE and indicates potentially the orientation of the local maximum principal stress direction (e.g. Lloyd 2000) . The equivalent maximum in z is orientated horizontally south.
It is suggested that the 3D (geographical) CPO (Fig. 10) is the most representative CPO for sample SG10, rather than those measured previously (summarized in Fig. 2c ) or shown here for specific tectonic reference frames (Figs 4 & 8) . This is because the 3D CPO simply has a greater opportunity of recognizing microstructural elements that are potentially section dependent (e.g. so-called 'out-of-kinematic-section' movement indicatorssee below and also Law 2010; , for further discussions of the tectonic significance of such features). Of course, given the surficial nature of EBSD analysis, the 3D CPO derived here (Fig. 10) is not truly three dimensional as it does not penetrate through the whole sample. A similar restriction applies also to 3D CPO measured by either optical microscopy or X-ray texture goniometry but not neutron diffraction, which does penetrate through the entire sample. In this respect, recent advances in so-called 'four-dimensional' X-ray microscopy, which also samples specimen interiors and appears inherently simpler than neutron diffraction (e.g. Schmidt et al. 2004; Juul Jensen et al. 2006; Juul Jensen & Godiksen 2008) , may challenge the popularity and usefulness of EBSD in the future by providing true 3D CPO, although it does rely on a synchrotron source.
3D geographical CPO: individual grains
The individual grain microstructure CPO in geographical coordinates (Fig. 9) can be combined similarly in to 3D geographical CPO for both the individual grain microstructures alone and also for all grains together (Fig. 11) . In the case of the 3D individual grain microstructures, the matrix grains exhibit a broad c-axis girdle orientated NNE-SSW, with a cluster plunging moderately north, whilst the maximum in m plunges shallowly towards the SE and the maxima in r and z plunge subhorizontally NE and south respectively. The globular grains exhibit a broad cluster, orientated NNE-SSW with the maximum plunging moderately north, whilst the maximum in m plunges towards the SE and the maxima in r and z plunge moderately WNW and sub-horizontally E respectively. The ribbon grains exhibit a broad girdle orientated NNE-SSW with a cluster plunging moderately SW, whilst the maximum in m plunges shallowly towards the ESE and the maxima in r and z plunge moderately WNW and vertically respectively.
If the individual grain microstructure 3D geographical CPO are combined together (Fig. 11 all grains), they define a broad, NNE-SSW trending c-axis girdle with two clusters, the most prominent of which plunges moderately north. The maximum in m plunges shallowly ESE, with the (weak) maximum in a plunging sub-horizontally approximately eastwards. The (weak) maxima in r and z plunge moderately WNW and sub-vertically respectively. The combined grain microstructure CPO is remarkably similar to the equivalent whole rock 3D geographical CPO (Fig. 10 ), which indeed it should be as they are all derived from the same samples. However, there are (subtle) differences in terms of the orientations of the maxima in r and z.
Finally, it was shown above that the three distinctive grain microstructures could form 'building blocks' (e.g. Fig. 7 ) from which different 'mylonites' could be 'made'. Similarly, the CPO expected for these 'made mylonites' can be predicted by combining in different configurations and proportions the 3D geographical CPO for the individual grain microstructures. Such 'made mylonites' could assist in understanding the processes that contribute to the formation of these geologically important rocks, but is beyond the scope of this contribution.
Seismic properties: whole rock
Due to the azimuthal dependence of seismic waves, it is sensible when displaying petrofabric-derived seismic data that they are presented in geographical rather than sample or kinematic (e.g. Fig. 6 ) coordinates. Such representations are shown in Figure 12 , where the individual properties have been contoured using a common scale to emphasize the differences and similarities. In general, the XZ sample predicts the lowest seismic values, which suggests that the conventional methodology for deriving seismic properties from CPO may underestimate real values, perhaps considerably.
The predicted Vp distributions are similar for all three sections, with minima plunging shallowly ESE, parallel to the regional movement direction and extension lineation (X), and maxima plunging sub-vertically, at least for the XZ and YZ sections (Fig. 12) . Predicted AVs distributions are more variable, with all sections generating maxima in different orientations unrelated to any kinematic orientations, although the higher values of AVs for the XY section define the statistical basal plane recognized in the equivalent CPO datasets (see Figs 8 & 10) . However, the combinations of predicted AVs and Vs1P exhibit some interesting patterns. For example, vertically propagating (e.g. teleseismic) waves vary from c. 1% AVs and ESE-WNW Vs1P for the XY section, through c. 5% AVs and NNE-SSW (i.e. parallel to the regional strike of the Moine Thrust Zone) Vs1P for the YZ section, to 8.6% AVs (i.e. the maximum value) and NW -SE Vs1P for the XZ section.
In terms of the predicted Vs1 and Vs2 values, the XZ and YZ sections exhibit similar patterns, somewhat different to the XY section (Fig. 12) . Similar behaviours are shown by using the CPO data combined into a single three dimensional dataset (Fig. 10) to predict the true three dimensional nature of seismic wave propagation through rocks (Fig. 12) . Only the minimum in predicted Vp appears to have any close relationship to a particular tectonic direction, plunging shallowly c. ESE, sub-parallel to the regional extension direction (X). In addition, the combination of predicted AVs and Vs1P for vertically propagating waves is now only c. 5% (i.e. c. 1/3 of the maximum recorded), orientated NE-SW.
Thus, the CPO derived for each section (e.g. Fig. 8 ) appear to have little impact on the seismic properties, which therefore do not in general reflect either the small (i.e. sample SG10) or large (i.e. regional) scale structural features, such as foliation and lineation. The difficulties in relating easily between the CPO and the seismic properties can be explained probably by the fact that quartz has three slip directions (i.e. a) for most of its principal systems (e.g. basal-a, prism-a, rhomb-a, etc.), which impact with different weightings due to variations in critical resolved shear stress and perhaps even +a if these are physically different (see above). Natural quartz tectonites that deform via these trigonally symmetric a-dominant processes are likely to form therefore 'dispersed' (e.g. single and cross-girdle) distributions, rather than 'quasi-single crystal' CPO, which dilute the impact of single crystal mineral elastic anisotropy on the seismic properties (e.g. Tatham et al. 2008 ).
Seismic properties: individual grains
Seismic properties can be derived also from the 3D geographical CPO for the individual grain microstructures (Fig. 13a-c) . The distributions of predicted Vp are all similar to those obtained from the whole rock CPO, with the minimum values plunging shallowly c. ESE (Fig. 12) . However, the globular grains generate the highest maximum velocity and Vp anisotropy, whilst the matrix grains generate the lowest maximum velocity and Vp anisotropy. The globular grains are responsible also for Made mylonite' comprising 60% matrix grains, 20% globular grains and 20% ribbon grains, which provides an approximate match for to the seismic properties derived from the whole rock 3D geographical CPO (Fig. 12) . All are lower hemisphere projections; contour intervals are scaled the same for each property, as indicated. the highest maximum in AVs, which plunges shallowly east (as does the maximum in AVs for the ribbon grains), whilst the matrix grains generate the lowest maximum in AVs, which plunges subhorizontally to the south. All three grain microstructures exhibit similarly a predicted NNE -SSW polarization direction for vertically propagating Vs1 waves, although the magnitude of the associated AVs varies from c. 3% for matrix grains, through c. 5.5% for ribbon grains to c. 6% for globular grains (Fig. 13a-c) .
Whilst the individual grain microstructures can be combined into a single dataset from which composite predicted seismic properties can be generated (Fig. 13d) , this assumes not only that the same number of grains have been measured for each microstructure, which is not the case (e.g. Fig. 11 ), but also that each microstructure has the same modal fraction. However, it is possible to distinguish each microstructural type in the generation of the composite seismic properties and hence the contribution of each grain microstructure to the overall seismic properties can be investigated by varying its modal proportion.
For example, if each grain microstructure is assigned a modal proportion of 33.3%, they contribute equally to the seismic properties (Fig. 13e) . Although the predicted seismic property distributions are similar to those predicted for the whole rock CPO (Fig. 12) , apart from the maximum in AVs, which plunges shallowly c. east rather than moderately south, the actual values are all somewhat higher. However, by varying systematically the relative modal proportions of the three grain microstructures it is possible to determine the relative proportions of microstructures that produce the observed whole rock seismic properties. It appears therefore that a ratio of c. 60% matrix, c. 20% globular and c. 20% ribbon grains is responsible for the observed whole rock predicted seismic properties (Figs 12 & 13f) . These values compare favourably with the actual proportions of matrix (c. 50%), globular (c. 25%) and ribbon (c. 25%) grains observed in sample SG10.
Conclusion
1. SEM EBSD has been used to determine the CPO and petrofabric-derived seismic properties of sample SG10 (Law et al. 1986 ) of a mylonitic Cambrian quartzite from the Stack of Glencoul, Assynt, NW Scotland, by analysing three orthogonal tectonic sections (XY, XZ and YZ). 2. The CPO are different for the three orthogonal sections of this sample. The most probable reason for this different is the presence of three distinctive grain textures ('matrix', 'globular' and 'ribbon') in the composite microstructure, which vary in their relative proportions between the orthogonal samples and occupy different parts of the overall CPO. 3. Thus, classical CPO interpretations based on XZ sections alone may not provide sufficient scrutiny of the CPO (and any dependent petrophysical properties) of deformed quartzites and other tectonites. 4. To derive a more accurate representation of the CPO of quartz tectonites and to negate the potential impact of textural differences, it is advised that orthogonal sections are analysed separately and combined in the 'threedimensional' geographical coordinate reference frame. 5. A geographical representation of the CPO permits also the most realistic appreciation of any petrofabric-derived petrophysical property, such as the prediction of seismic characteristics. 6. In general, it appears that the seismic properties of quartz mylonites are not useful indicators of the deformation kinematics, possibly due to the presence and dominance of three a-axes in the principal quartz crystal slip systems, which act to dilute and/or disperse the impact of the elastically anisotropic single crystal behaviour. 7. More detailed analysis of the mylonite recognizes three distinct microstructures ('matrix', 'globular' and ribbon'), each with their own CPO that contribute to different parts of the whole rock CPO. 8. The different grain microstructures can be combined in different proportions to 'make' mylonites with different CPO and hence seismic properties. This approach may prove useful in furthering understanding of these important rock types.
